Utah State University

Digital Commons@USU

All Graduate Theses and Dissertations Graduate Studies

5-1953

The Influence of Temperature Gradients on Soil Moisture Flow

Luigi Gavazza
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd

b Part of the Life Sciences Commons

Recommended Citation

Gavazza, Luigi, "The Influence of Temperature Gradients on Soil Moisture Flow" (1953). All Graduate
Theses and Dissertations. 2710.

https://digitalcommons.usu.edu/etd/2710

This Thesis is brought to you for free and open access by

the Graduate Studies at DigitalCommons@USU. It has

been accepted for inclusion in All Graduate Theses and /[x\

Dissertations by an authorized administrator of /\

DigitalCommons@USU. For more information, please IQ‘ .()Al UtahStateUniversity

contact digitalcommons@usu.edu. (\MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F2710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.usu.edu%2Fetd%2F2710&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/2710?utm_source=digitalcommons.usu.edu%2Fetd%2F2710&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

THE INFLUENCE OF TEMPERATURE GRADIENTS
ON SOIL MOISTURE FLOW
by
Luigi Cavaz:za

A thesis submitted in partial fulfillment
of the requirements for the degree

of
MASTER OF SCIENCE
in
Soil Physics

UTAH STATE AGRICULTURAL COLLEGE
Logan, Utah

19563



EWL AN
c 34
€, vude

ACKNOWLEDGMENT

The writer wishes %o express his best thanks to
Dr. 8. A. Taylor for hig help and suggestions in carrying
on the work reported here and for the proofreading of this
thesls.

Thanks are also given to the members of the committee,
Dr. D. W. Thorne and Dr. P. J. Hart for their suggestions
and help in correcting this thesis.



Luigi Cavazza was born at Bari, Italy on November 18,
1623, a son of Ferdinando Cavazza and Lidia Schutz.

After the primary and secondary instruotion, he attended
the Sghool of Agriculture at the University of Bari (Italy).
In 1946 he obtained the dootor degree in agriocultural
sciences, discussing a thesis on the agriocultural applica-
tions of phytohormones. Later he was assistant at the same
University. 1In 1950 he obtained a scholarship to the
Institute of Plant Physiology of the School of Technology
in Zurich, Switzerland. He also studied in the Soll Physilcs
department of the Rothamsted Agricultural Experimental
Station, Harpenden, Herts, England. He came to United States
under a Fullbright scholarehip, supported by a government

grant.



TABLE OF CONTENTS

Introfuotion . . + &+ ¢ s & s e e @ 8 w w 1
Review of o:pirlnontal MPRtWre .« . ¢ s + s e 2
Review of theoretical literatwre . . . . . . « . 11
PO 5.6 a i & RCEs e R R W TRk &
Liquid flow WM. e R B R e A e W
TR & a 0 ¢ &.% 2 % &4 ¥Fow e o 18

Flow in an interrupted eylinder . . . . . . . 20
Material and methods e et o R T W R
BRI . % & e wH . o w._ & % 4 8 & & wia e

Continuous columns . . . .« ¢ + « ¢ o« « o« 44

PR 00LNE .« + s 0 4 W % e s & 6 . voe. . A8
BAVNIIOR « ¢ v ¢ ¢ & 2 e v e 3 » = & =« B
Summary and conclusions L e ke W M we & PR
Literature ¢ited . . . . . . . . . « .+ . . ™



Figure

1.
2.
e
4.
B.
6.
7.
8.

9.
10.

11.

13.

14.

1s.

16.

17.

18.
19.

LIST OF FIGURES

Water in a capillary tube (from Smith) . . .

Page
11

¥ater between two spherical particles (from Smith) 11

Thermal expansion of water in the seil . . .
Vapor pressure in the evaporating region p—

Vapor pressure in the condensing region
Vapor pressure in the equilibrium zone . A
Temperature gradients . . .. . . « .« « =

Influence of the air gap thickness on the
temperature gradlent . . . . . . .« . o

Vapor pressure gradient in the air gap .

Influence of the alr on the extension of
evaporating and condensing reglons o L el

Moisture distribution in continuous loose soil
001_“ - - - L] L ] L ] - o - . - L] - .

Holsture distribution in continuous ooapaot soil
°°1m. L) L] - - . L ] L J L ] L - - [ ] L ]

Molsture distridbution in loose soil columns
bmﬂll hY l.l‘.llll L L] . . - . . . - .

Molgture distribution in loose soll columns
broken by alr gaps . .« « ¢« « ¢« o o+ ¢ o

Molisture distribution in compact soil columns
bDroken by air gaps . .« « ¢« « ¢ « + o« =

Moisture distribution in ealpnot soil columns

at 9.6% molsture . . . . S oaiw s W
Influence of the air gap thlaknocu on the
ﬂﬂi.tm flow L - ] - - L] - - . - -

Rate of molsture accumulation at the cold side .
Rate of condensation as funetion of the distance

18
24
25
29
31

32
34
36

46

46



24.

26.

Table
i.

3.

4.

7.

9.

LIST OF FIGURES (Continued)

Temperature changes at the beginning of a test
influence of the sereens on the veper flow . .

Folsture retention surve for the Millville
'11 t-im - - . A - - L - L L] [ ] L ] L ]

Saturation vapor pressure as function of the
“ﬂp‘?‘ ‘u" - - - L] - - - L] - - - L]

Hydraulic conductivity as function of the
moisture content A L S R |

Bupgolud vapor pressure ocurve in a continuous
ﬂﬁl G,'liﬂ‘?? L z - L] L] - - - L] [ - L]

LIST OF TABLES

Holsture dlstribution in continuous looze soil
ooluang (17.5% molsturse) . . « . « o o« o

Holsture dlstridbution in continuous compact soil
oolumne {(17.58 nolgture) . . . « + « o« =

Moligture distribution in loocse soll columns
broken by use of wire sereens (molsture 17.5%)

Moisture distribution in loose soll columns
broken only by air gaps (17.5% molsture) . . .

Moisture distribution in compast soil columns
broken by air geps (17.5% moisture) . . . .

Influence of the air gap thickness on the
moisture transfer (molsture distridution for
compact soll at 17.5% moleture) . . . . . .

Difference in moisture distribution between upper
and lower part of continuous soll columns R

Molsture dlstribution for compact soll (5.8%
T R TR R R e 1

Hydraulic conductivity values . . . « . =

[ ]

72

47

49

61

67

A



INTRODUCTION

The isothermal movement of liquid water in saturated
soll has been intensively studied, and a sound theoretical
basls has been developed. Considerably less is known about
the flow of water in unsaturated solls, but a general theory
based on Darcy's law of flow is beginning to develop. A
good theoretlcal basis exists for the vapor diffusion under
isothermal conditions. Inconsistent data and theories are
found in the literature concerning the movement of water
in both the vapor and liquid phases, under the influence
of thermal fields.

The soll is subjected to periodic fluctuatione in
temperature. Within the profile there almost slways exists
temperature gradients that are constantly changing at
different depths and times. The importance of a better
knowledge of the phenomenon is therefore evident. This is
particularly true for semlarid reglons where the temperature
variability ie generally high and the molisture balance of
the soil has an important role in crop production.

It 1s the purpose of the study reported herein to
investigate some of the characteristics of soil moisture

movement that result from temperature gradients.



REVIEW OF EXPERIMENTAL LITERATURE

SBince the beginning of this century, and partioularly
under the infiuence of the German school (e.g. Zunker (1930)
ete.) 1t hasg been assumed that there is an upward movement
of moist air during the night from the warmer soil below
to the colder soll at the surfmce where the vapor is con-
densed. Bouyoucos {1915) says that at that time this theory
seemed very widely accepted. According to him, Hilgard
stated that dew is formed from vapor rising from the waramer
soil into a colder atmosphere, and condensed on the most
strongly heat-radiating surface near the ground, qunh s
grass; leaves, both green and dry; wood; and other objects
first encountering the rising vapor.

The first experimental work made in order to check the
hypothesis of a movement of water in vapor phase under
thermal influence, seems to be that of Bouyoucos (1918).

The technique adopted by Bouyoucos consisted in keep-
ing a sealed coylinder filled with soll, one half immersed
in a cold water bath and the other half in a wara bath for
a period of eight hours.

The results showed that the amount of moisture trans-
ferred 1s a function of the difference in temperature of
the bathe, the type of soil, and the initial molsture con-
tent of the soil. There was an optimum molsture for water
movement; this optimum varied from 7.5% (light sandy loam)



to 19.20% (clay) when the difference in temperature was
209 C. The corresponding maximum displacements of water
were from 0.9% (light sandy loam) to 1.19% (elilt loam).
With 40° C. difference in bath temperatures these figures
shift to 2,68 and 3.68.

nou;ouool's interpretation was that the adhesive forces
of the goll for the water were responsible for these
results. Changes of vigscosity and surface tension could
not account for any departure from the initial moisture.

He explained that at low moisture percentage the warm soil
did not release water, since its attractive force was not
satisfied. At the optimum molsture, the warm soll lost its
water more easily, while the cold soll exerted a high pull
because of a higher surface tension and particularly a high
attractive force (assumed inversely related to the tempera-
ture). At a higher molisture percentage the water could
8till be lost easily by the warm soil, but the attractive
force of the cold soil was already saturated and only the
small influence of the surface tension was evident.

The results of Bouyoucos (1915) showed a surprising
small transfer of water. In order to isolate the influence
of the temperature-gradient on the liquid and vapor phase,
he interposed two wire soreens between the two halves of
the soll column, this provided an air space 1/4 inch thick.
After 8 hours of the same treatment previously deseribed,
the amount of the water transfer appeared to be still lower,
giving an average of 0.035% at 20° C. difference between
the baths, and 0.25% at 40° C. difference. Bouyoucos
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suggested that the vapor movement has a very little influence
and under natural soll conditions should be neglected.

In 1837, a paper by Lewls dealt with the vapor flow in
the soll at isothermal conditions. The soil column was con-
stantly wet at one end while evaporating in free air at the
other end. He used two soreens (30 mesh) about 1 mm. apart
in order to break the soil column. In this case, like that
of Bouyoucos, the breaking of the column greatly retarded
the evaporation rate from the open end of the soil core.

In the same year Curtis (1937) wrote (but did not
prove) that it was not clear that Bouyoucos's technique for
dlstinguishing between vapor and liquid flow was entirely
sound.

Later on, Smith (1939, 1943) oriticized the procedure
_ of Bouyoucos. In those conditions the thermal gradient
could not be determined and was certainly not uniform at
different distances from the oylinder wall and from the
dividing plane. Furthermore, the gradient was presumably
distributed through a2 narrow distance, so that the water
could easily move from cold to warm in this narrow region,
but then, Smith sald, it could hardly move farther. For
this reason, the molsture dlsplacement, referred to the
whole of the half column (4" long) was very low. A period
of 8 hours also seemed to be too short.

Smith conducted analogous experiments with an apparatus
for thermal conductivity determinations, i. e., using a ocon-

tinuous soil column only 3/4" or 1" long. The experiment



lasted about 24 hours. The results agreed qualitatively
with those of Bouyoucos. However, the water transfer at
the optimum initial molsture (50% of moisture equivalent)
reached about 100%, i.e. much more than that of Bouyoucos.
Uging fragmented soil samplees instead of monolith cores,
the molsture transfer increased and the optimum moisture
was somewhat displaced.

In his conclusion Smith (1939) said:

It is felt that this vapor movement is a mass transfer

- of vapor caused by convection rather than diffusion,
gince the latter 1ls too slow a process. Changes in
surface tension of the liquid forming caplllary sur-
faces on the cold and warm sides of the plate are

too small, for the thermal gradient applied, to

account for any considerable movement of water.

Later (1943) the same writer performed a similar ex-
periment modified in order to check the hypothesls of a
vapor movement. He again interposed between the cold plate
and the soll sample a coarse wire gauze, creating an air
gap approximately 1 mm. thick. Thies air chamber permitted
the drainage of any eventually condensed water., The differ-
ence of Semperature between the plates was 40° C. giving
a thermal gradient of about 20° C./om. After 4 days, no
water drainage was observed and only a moderate amount of
condensed molsture was found at the cold surface. The
moisture transfer in the sample (initially at molsture
equivalent) was only 0.5%. Smith concluded that:

If the behaviour were wholly due to vapor transfer,

be it diffusion or conveection, it would appear

that it ought to proceed continuously. It should

commence as soon as any water was present in the

soll, and continue until transfer to colder regions
had taken plaoce. .



Thie writer, therefore, turned to an explanation of
the phenomenon baged on capillary foreces in liquid foram.
We ghall consider this theory in detail later.

In 1927 a detailed study by Lebedeff (1927) appeared.
It was concerned with the balance and movement of soll water
under field conditions and reported some results of laboratory
tests on the influence of the temperature. He supported
the idea that a cool spell during the summer not accompanied
by rain, which is followed by a hot period, may result in
considerable losses of water from the deeper layers. The
cooled surface draws the water up and the folllwing hot
spell again moves the molsture on out of the soil. These
statements were made on the basis that at Odessa (Russia)
66.2 mm. of water were moved from the deeper horizon during
the winter. These figureeg were obtalned from an accurate
accounting of evaporation, precipltation and soll moisture
determinations at different depths. The water was agsumed
to move in vapor phase along gradlents resulting from
difference in vapor pressure at different depth in the soil,
as caloculeted from the temperature readings.

It can be easily observed that Lebedeff certainly
demonstrated the molsture transfer due to temperature grad-
ients, but by no means could he be sure that this displace-
ment took place in the vapor rather than in the liquid phase.

In 1640, an interesting paper by Krischer and Rohnal ter
(1940) appeared in Germany, but has received no attention
by soils investigators. Krischer and Rohnalter were pri=-
marily interested in thermal conductivity determinations on
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porous materials (particularly stones,"Ziegelstein"). From
previous results and from data of other German researchers,
these writers had observed a relevant disturbance in thermal
conductivity determinations, by the interference of molisture
transfer. In their experiments they demonstrated that when
two olay-plates are kept constantly saturated and isolated
by an air layer, and vhen the two plates are maintained at
different constant temperatures, the vapor flows from the
wvara to the cold plate, as expeoted. However, if the border
of the plates are connected together by a thick layer of
blot-paper, the water will flow back as a liquid from the
¢old to the warm plate by ocapillarity. In this way the
oLth is completed. They concluded that this happens also
in porous consolidated or loose materials. A rather exhaus-
ting mathematiocal discussion wes applied in order to explain
and calculate the thermal diffusion coefficlent. These
writers, however, while dealing with the molsture flow,
limited their discussion %o equating the expression for vapor
flow to that for liquid flow. They assumed that the fluid
flow ig proportional to the moisture gradient and that the
permeablility constant is function of the molsture content.

Later Maclean and Gwatkin (1946) and Croney and Coleman
(1947), quoted by Gurr et al. (1952), confirmed the molsture
transfer under the temperature gradient. Molean and Gwatkin
assumed that equilibrium conditions were reached when the
water content gradient became such as to give uniform vapor
pressure throughout the soll. They gave no vapor pressure
data to support this statement.



In 1947 ¥Winterkorn (as quoted by Gurr gt al., 1952)
developed a theory of film flow of liquid water from the hot
to the cold ends, along the internal surface of the porous
soll system, due to change in water affinity with change in
temperature. He considered this to be a more important
uaahnnli- than vapor movement. He also observed an electric
potential difference in the soll due to the temperature
gradient and suggested that the thermal water movement may
be a special case of electro osmosis.

In 1962 Brawand and Kohnke, studying the water balance
in field conditions confirmed the results of Lebedeff. They
assumed, without proof, that the movement of water under
the thermal gradient ooccurred in the vapor phase.

Jones and Kohnke (1952) also repeated the experiment
of Bouyoucos with the same technique, but only with continuous
soil column. Their results agree with Bouyoucos's results,
but show an important moisture flow only near the central
geotion, where the gradient really existed. They also
agssumed, without any experimental proof, that the flow had
taken place in vapor phase.

Recently, Gurr, Marshall and Hutton (1952) by a differ-
ent technlque and independently confirmed the finding of
Krischer and Rohnalter. They had a soil column 10 om. long,
between two plates at different temperatures. The soil
samples were artifiocially provided with a high salt content.
After periods of 5 or 10 or 13 days, the soill was analyzed
at different distances from the column end, for moisture
percentage, salt content and Cl= ion content. Although the
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data on gsalt content were generally inconsclusive, the dis-
tribution of 01" showed an evident accumulation at the warm
side, while the molsture was accumulated at the cold side,
as expected. The writers concluded that while the vapor
flows from warm to cold, the liquid water flows back from
cold to warm forming a closed cirocult.

Considering the literature on this problem, as a whole,
although the theory and the results of Krischer gt al. and
Gurr ¢t al. seem clear and sound, one is struck by the con-
tradiction with the other results.

It is remarkable that, while the use of wire gauzes
seems to be the most natural way of distingulishing the vapor
from the fluid flow, all the writers that used this method
falled to detect any important vapor flow. Furthermore,
no serious eriticism has been made to this technique.

On the other hand, Krischer and Rohnal ter alone demon-
strated direotly the back flow of liquid water. However
in their cage the vapor could move very easily in a free
alr space. This does not happen in the soil. Their theory
does not take into consideration the tension at which the
80il molsture is held.

In the work of Gurr g% gl., the salt content data are
not consistent which oasts a shadow on the reliability of
the Cl- ions distribution. We do not know the location of
the cations. Even though considerations of difference in
concentration as a funotion of the temperature and the
expected ion distribution following the setting up of a
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streaming elestrical potentisl, seem to swoport Gurr's oon-
clusion, there 2till exists some doubt ss to the true facts.

Gurr ¢t gl., also, computed (but no detalle are given)
a diffusion coefficient for the vapor phase, much higher
then could be expected from Perman's equation for gaseous
diffusion. From thelr data it seems &lso that the hydraulis
conductivity of their esoil ie rather high, since at about
12.56 to 16 percent molsture the cbserved final moisture
gradient wnes practically zeroc, while the O1™ scounmulation
(end therefore the water movement) was high.

From mt is sald above, the following points seem
worthwhile to check and explain adequately.

-1, Causes of failure of the air-gap technique.

2. Paotors ocausing the high diffusion value found by
Gurr g% al. |

3. The value of the molisture conductivity under these
conditions.

4. Digtinetion between diffusion and convection move-
ment in the vapor phase.

6. Wider theoretical basis of the observed phenomena.



REVIEW OF THEORETICAL LITERATURE

Smith (1943) considers the difference of the attractive
force aocting on the menigel at the end of a caplllary tube
under a thermal gradient. Thig difference is given by
the formula:

' AT - axry(1-«4t)
3t [ ORREr Y ¢ AT

Fig. 1 gzarrb’-cAt

Water in a capillary tube.
From Smith (1943)

where A' = @ifference in tension; r = oapillary radius;
§ = surface tension; Al 2 difference in temperature; « =
thermal coefficient for y . There is equilibrium only at
At = 0.
For the water held between two spherical particles the
fomuh 1: at first approximation: |

& =3
- mgme—'-'rrx(" el el
Fi

Water between two gpherical particles.
Froa Smith (1943

and the squilibrium conditions are:

At - o or for Al fo cor8 = (4 - A At)ces’s,
S8mith notes that for Ar g 109, o 3 0,0016, 6, and 6,
are practiecally equal and therefors in the soll, if this
scheme applies, no practical movement ccours.
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The following mechanism is proposed by him for explaine
ing the liquid movement another way. First evaporation
ooccurs at the warm side. This vapor condenses on the wet
soll layer. If here there are two water menlsol separated
by an alr gap and sufficiently close, resulting from the
vapor condensation, they may coalesce. The new bigger
vater mass will find new equilibrium conditions by moving
under ordinary capillary foroces, toward the cold end in the
immediately nearest pore. The vapor condensation is assumed
to play only the role of a trigger to start the process.
This process is thought to continue until only rings of
"pendular® water are left in the warmer soil. This mech-
anism will not ocour Af the meniscl are too far apart for
coalesoing (i.e. low molsture content) or if the pores are
saturated so that a continuous liquid phase exists (i.e.
high moisture content).

Baver (1940) recognizes that "the explanation by Smith
of the trigger effect on the vapor condensation is an in-
triguing one." This explanation has two serious weaknesses.
l. It is not elear how the meniscl may coalesce, since
each soll mass limited by two opposite menisol is expected
to receive at the warm side the same amount of vapor that
At should lose at the cold side by evaporation (transfer
to a colder layer). 2. Even agsuming that coalesoence
ocours, it is not understandable why the new equilibrium
position has to be found only by moving toward the cold
side. Since Smith himself admits that the importance of
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differences in y is very little in a asystem of spherical
particles, 1t seems likely that in the soil the movement is
chiefly determined by differences in the tension due to the
geometriocal configuration of the pores. Therefore, if move-
ment will occur, it will have equal probability %o occour in
any direotion, when & random pore distribution exists.

Mickley (1949) assumed that the water is held in the
soil in the form of independent droplets. Under a tempera-
ture gradient, a droplet is distorted, and may coalesce
with another droplet. The distortion is assumed to be pro-
portional to the gradient. The new mags will move to find
an equilibrium position in a orevice toward the cold side.
Cocasionally two or more droplets may meet and coalesce
after they first start to move. Assualng a regular trian-
gular arrangement of the soil particle, he computed that
the probablility that the gpace between two particles is
occupled by a water droplet ias:

Total nuber of spases = R aerty e b,

For s merging, tvo adjacent gpaces must be filled, the
probability of this ooccurring is (’)a. No merger will
ovour Af all the pores surrounding a particular ocell are

already filled with water; this event has a probability (‘Ds.

The probabllity of a merger is therefore (g)z - (ﬂ)a- The
moisture transfer is given, according to ¥ickley, by the
expression: M e K ﬁ & (pg - I})' ;. This formula seemed
to agree rather well with most of the experimental data of
SBaith. Here also, however, meny of the oriticisms mede to

166045
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Saith are applicedle. In Miokley (1949), Manafleld serious-
1y oritiolsed many of the assumptions, particularly that of
the droplet state of the water and the rather arbitrary
gomputation of the probability factors. He also pointed
out that if the molieture Sransfer depends only on the
thernal gradient, only & 4dry soll layer at the warm end and
a wet layer at the cold end are expected, the soll at the
unifora initial wolsture content bBelng intermediate.
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THEORY

Congider a oylindrical column of soil initially at
uniform moisture. Place it in a thermal field, such that
there is a uniform temperature gradient along the axis of
the cylinder, the temperature bdeing equal and constant in
any transversel section.

The temperature of the system and i1ts gradient will
influence the physical properties of all three phases.
8ince, however, the thermal expansion of the solid phase
seens to be negligible for our purposes and assuming that
the structure and other physical properties of the solids
are negligibly affected by the temperature, the discussion
will be confined to the liquid and gaseous phases.

Liquid Flow

First consider a simple pioture of the temperature
effect on the liquid phase.

Agsume that the water ie held in the soll under &
stress resulting from four recognized components?

13} $ = gh+y+t W+
where P « total stress; gh « gravitational component;
¥y = capillary potential; 7 = osmotic pressure potential;
w = component due to the adsorptive forces at the solid-
liquid interface; all expressed as energy per unit mass of
water. By choosing & sultable reference plane and for small
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differences in h compared with the other components, gh may
be negleoted. The X component has no effect on the molsture
flow at high moisture contents, since only negligible re-
straint is present on the dissolved materials. At rather
high moisture content the term w may also be neglected. At
all molsture levels the effect of W is assumed to be inde-
pendent of the temperature. The component ¢ remains, it can
be represented in a smooth pore or capillary by:

(8) k}l - &FL

vhere ¥ = surface tension of the water; r = pore radius;
P = density of the water.

The general law for the liquid flow (Darcy's law) may
be written:

(3) da-.. x4t

But where q is the quantity of water flowing across a unit
area perpendiocular to the x direction in time t, and K is

the hydraulic conduoﬂvity.&rb'h a function of the temperature
as follows:

(4) Y= AT - B (T = absolute temperature.).

Also g s %—( ﬂ- g-)mﬂ g { o©o. Therefore

from (3) we expect to have a water flow in 1iquid phase from
wara to cold under the influence of a thermal gradient.

This flow will cease as soon as y becomes equal throughout
all the soil column, as a result of change in the molsture
digtribution. This distribution will depend on the soll

' molsture~tension relationships, which are characteristic of
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a given soll.

A numerical example will illustrate the order of
magnitude of this movement. Assume a thermal gradient of
1.6° C./em. and a length of 10 oem. for the soil column. A
relative difference of about 3.20% for y at the cold and
warm end may be computed. From the soil moisture retention
surve for the Millville silt loam (fig. 22) it can be shown
that at 18% average molsture content of the soil sample, a
difference of only 0.024% may exist for the moisture content
at the ends of the column. For 10§ average moisture, a
difference of 0.196f is computed. These figures are evi-
dently too low to account for any significant movement.

A factor that has generally been disregarded ie the
thermal expansion of the water. This factor acts in two
different ways. First it changes the value of the density
of water (p) in equation (2) and therefore tends %o increase
the tension at the warm side, opposing the action on y .
But more important 1s the effect of the relative expansion of
the water between the solid particles. 8ince no data are
avallable for the thermal expansion coefficient of the soil
minerals, this coefficlent for water is compared with that
for glass, assuming that the soll silicates will have a
coefficient of about the same order of magnitude.

Temp. range differ. x 100
50 - 100 cc 5.3 2.9 0.00“
3.00 - 30° °o 15.0 B-ﬁ 0.0125
20° - 40° ¢C. 30.2 2.6 0.0277

(Intern. erit. tables.)
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From these data 1t is evident that a change in temperature
will make the water expand more than the solid phase and
therefore the menigel 3111 extend outward from the pore
% etells, and the tension of the
(:::}2{:::) :i water will be decreased, re-

’ | sulting in a movement of water.
Fig. 3 This water flow will ocease
Thermal expansion of wafar vhen the molisture distribution

in the soil.
has reached equilibrium on a
volume basis rather than on a welght basis.
Referring tc the previous numerical example, & differ=-
ence in néiuturt content of sbout 0.020% is computed at the

18% average molsture content as & result of thermal expan-
sion.

The influence of changes in viscosity of the water is
neglected herein. Thie factor plays no role in the final
distribution of the molsture, but 1t influences only the
time required to reach the equilibrium.

It i¢ concluded therefore, that some influence is
theoretically expeoted in the liquid water distribution
under the influence of a thermel gradient, but its magni-
tude, even after adding all the aonpcnoﬁt; is ncgilgihlu
Yepor Flow

Look now to the gaseous phase. FPirst consider the
hhangn in density brought about by a temperature difference.
This resulte from two faotors. The thermal expansion of
the air reduces ites density. Since the thermal expansion



19
coefficlent for gases is about 3#3‘ the density 1s inversely
proportional to the fastor (1 + §$§.. where AT is the
dxrtertnnq in temperature. This difference in density along
the soll column, bringes about a pressure gradient that can
be expresged by the following equation

A L p-u’ﬁ}'
'Z'%_‘-‘Qg ‘A"{%ﬁg

As the limit is approached:
: - P,
G ma-qgp E-Hh&

Consequently the air will flow from the region of higher
density (cold side) to that of lower density (warm side).

Thie fact is complicated by the presence of the liquid
phage. Temperature inoreages the saturation vapor pressure
of the water, at the warm side. This will increase the

:-sunf of vapor per unit volume of air. This will also tend
to decrease the density at the warm side. The combination
of both effects must be taken into consideration.

Referring to the previous example, and assuming tem-
peratures of 13° C. and 28° ¢. at the two ends, with an
atmospheric pressure of 640 mm. of Hg, the moist alr density
at the column ends is 0.001032 and 0.000871. However, the
effective alr flow through the soil, from cold to warm, can
not be caleculated since the alr-permeablility of the soll i
unknown.

- This air flow, due to a temperature difference 1is
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conveotion flow. 8Since the air mass moving from warm to
cold along the upper part of the soll column is saturated
(soll moisture = 18%), 1t will lose vapor as it cools.

This condensation will ocowr along the stream from warm to
cold, while evaporation is expected %o occur along the
gtream-lines from cold to warm. Also, the convestion iovc-
ment will be added to the diffusion movement in the upper
part, while 1t will be subtracted from it in the lower part
of the cylinder. Therefore a difference in soll molisture
can be expected in the upper and lower layers of the column.

An important effeot of the temperature seems to be
related to changes in the partial vapor pressure at satura-
tion. The vapor pressure of the water vapor in the soil
is of course also related to the water tension in the liquid
phase. Consider the case of soil molisture higher than the
wilting percentage. The relative humidity of the soil air
may be considered practically equal to 100% and independent
of the soll moisture content.

If the soil ig kept under uniform thermal gradient, a
vapor pressure gradient will result and the vapor will flow
by diffueion from the higher pressure region (warm end) to
the lower pressure (cold end). Since the vapor is saturated
at every point of the column, it may be predicted that,
while flowing to colder regions, the vapor oan no longer be
contained in the air at the same concentration and a part
of the vapor will condense.

The vapor pressure- temperature relationship is not a
linear one. It may be expressed by the following equation:
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(8) logp, = ZA_ + B. )V
T

where T = absolute Temperature and, for water, A = 2300.3
and B = 9.124. The ourve is shown in figure 1l.

From what has been sald, 1t is evident that the rate of
change per temperature degree of the vapor condensation
during diffusion, is proportional to the derivative of the

vapor pressure!

for p. > o
(6) ' > 9
po -3'- ! 10‘“ e o P T L oo
and the rate of change of condensation per unit dlistance
will be proportional to!

dp, ap, ar
(m & T =

Since p! 1s & funotion of T, and from (6) and (7), we see
that the rate of condensation is not equal throughout the
soil column, but is greater at the higher temperatures.
This means that, assuming & soll column of indefinite
length, with continuous vapor supply at the warm side and
without impediment to the vapor flow at the cold side, the
soll moisture will increase at each point, but at a higher
rate when the temperature at that point is higher.

The diffusion of the vapor through the soil, like that
of other gases, obeys the general law:

17 A more exaot equation is: log p = g -B log T+ C.

Since in the range of tugonwn spplied, the first
equation fit lhoat exaotly to the data given in
varioug reference tables, it is uged herein.
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(8a) -gg-,-n.ggQ

vhere ¢ = amount of vapor erossing the unit area in time %,
and D ¢ diffusion coefficient. Since in this case x » £(T)
= kT, and p = p, , we may write!

R i |

From (6), p' is £(T), therefore the vapor flow is not
uniform and there is divergence in the flow, We have:

(9) PPN PRI o T, I
2 T4 log, ©
ar
P > 0
for

- 0
T <Z~§*Igz::‘ = 2668 K

This indicates that in the ordinary range of temperature
there i1s acoumulation at every point. This accumulation
is given from 8b by: '

D o 5 L
=3 (34 = i

(10) r

op _ 2

5543- s K -Q-IFE-

iy ar
Algo:
2 2

ﬂ - A -3

(11) p*= Ap, (A » 37 log, o) (T log,, e) s

* iog, &1° ° 20

for 0 (T < g \(-%Tleg -z 1132° x

v T > W»Wﬁ"io&,-




which indicates that the accumulation is higher at the
higher temperatures.

Only the ideallzed open column has been considered.

Now turn to the case of & closed system, like that generally
used in experimental work.

As soon as the vapor starts to flow, the relative
hunidatr at the wara end decoreases thus encouraging evapora-
tion from the liquid phase. Similarly at the cold end, when
new vapor masses arrive, condensation will oceur. For
gtationary conditions it is required that:
evaporation rate = diffusion rate « condensation rate.

A theoretical formula for evaporation in still air
from Int. Crit. Tables 1s:

{12a) 7:&1@3%:—}-%:

where V = volume evaporated per unit time; Ky a constant
depending on the diffusion coefficient and the area; p =
the overall gas pressure; p, = vapor pressure at saturation;
P = vapor pressure in the gaseous phase. _

A similar empirical formula, used for many purposes
(in meteorology, industry ete.) is of the type:

(120) %~ = K (p, - p)

ihc!ﬂ‘i?g welght evaporated per unit time and unit surface;
p =«p of equation (12a); K is a proportionality constant,
found for evaporation in still open air = 0.02. For sim-
plicity (12b) will be used rather than (12a)..
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In the case under coneideration, the diffusion rate
and the temperature at each point are independent variables,
and are constant for each point. Adjustment of the evapora-
tion rate may be obtained only by variation of the relative
humidity and by changing the area of the alr-water inter-
face involved in evaporation. '

On the other hand the vapor pressure gradient inside
the evaporation region must change with the distance from
the warn face according to the amount of vapor crossing any
given gseection. This amount of vapor is the sum of all the
water evaporated from soll that is warmer than the given
section. This is shown in fig. 4. From the above arguments
the evaporstion equation may be written:
| / (13a)

:gjbll (p - plax
ot}
and for an inter-

HApor pressar

|
|
|
I

|
;Iq— ﬂva-For- re{g._,

mediate section
X

o/sldnc e (M‘ 4 ' | (..' equat. (ﬂl)!
Vapor pressure in the evaporating region

b
(3) [xe (p, - p) ax = -D g

from equation (8) and for x w £(T) = kT, we have log p
A,

. legh p, * 5,
therefore (13b) becomes:

X p, =p) = -p AP
2

Ay
T R TSR e
o B ax®

= ;l - B and x=
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This differential equation of second order ie of the type:

K RS "o

Unfortunately no one of the methods tested, permitted the
solution of this equation.

Congider now the conditions at the cold end of the soil
column.

Condensation cbeys the same law as evaporation (see
equations (12a) and (12b) ), there also the rate of conden-
sation will depend on the degree of supersaturation and on
the surface involved. In this case the quantity of vapor
erossing a given area inside the condensation zone must be
equal to the difference between the amount of diffusion
along the soil column, minus the vapor already condenged
in the previous sections. The slope of the super-saturation
ourve, therefore, is zero at the cold face, and gradually
changes until reaching the value of the pg ocurve when no
condensation occurs. This ig shown in Fig. 6.

From equation (12b)
and the above argu-
ments the condensa-

|
|
‘k E tion equation may
«— condens. region sy o, Mg. & be written:

dislance ]
Vapor pressure fn the condensing region.
X,

(14a) 0 = f!l (p -~ p) ax.
and for an 1ntcr-:¢11to gection (see equation (Ba)):
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(14p) fls (p~-p) dxg-D.&}.
a

From (8) we have:
—.%7&;& 0207“2 « Ksp = D ..&;g._
this 18 the same as (130).

Summarizing; the following factors are involved in the
molisture transfer in vaper phase, when a closed system is
uged:

1. air-convection. Higher molsture movement is expected

in the upper half of the column.

2. condensation by decrease of saturation vapor pressure;

it is expected to be greater at the higher temperatures.

3. condensation by deorease of the rate of vapor flow;

it 1s expected to be greater at the higher Semperatures.

4.(a)evaporation at the warm end. Lower molsture content

is expeated as the temperature of the layer inside the

evaporating zone inoreases; this extends far from the waram

plate, according to equation (13b). _
(b)oondensation at .the cold end. Higher moisture is

expected near to the cold plate; the condensing zone extends

far from the cold plate according to equation (14b).

An 1dea of the order of change in the value of p,, p!
and p¥ in the conditions of the previous examples, is
obtained from the data in the folilowing table:



27

WELL S

p, (mmHg) 11.231 17.535 £8.349 11.231 17.538 28.349
p) 0.756 1.087 1.652 1.102 1.630 2.478
p! 0.045 ©0.069 0.084 0.084 0.088 0.126

The influece of changes in py is given by the product
of the rate of change of the vapor content of the alr per
unit distance times the velooity of the vapor flow. The
amount of water condensed per unit time for a given section
is:

(18) k B 4o = -kd (2292

where k 18 a conversion factor from mm. of Hg, to amount of
vapor per unit air volume. Here also the value for D is
not known.

The higher influence, however, may be expected at the
ends of the column, since at esch side (warm or cold) the
changes in molisture content are of the same order as the
total diffusing vapor. The other influences, on the con=-
trary, involve only a relatively small part of this amount.
The prevalence of the evaporation~condensation process over
the influence of other diversions will depend largely on
the relative length of the column and the distance of exten-
gion of the evaporating and condensing zones from the ends.

Now consider what happens in the liquid phase as a
consequence of wvapor flow.
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As soon as evaporation gtarts at the warm side and con-
densation at the cold side, differences in soll molsture
appear and difference in molsture tension may be bullt up.
Liquid water therefore will move from the gold to the warm
side, thus completing the circouit with the vapor phase.
_ This water flow in 1iquid phase obeys Darey's law and
is therefore dependent upon the value of the molsture cone-
ductivity at the varying moisture contents for each soil
seotion. If the initial soll moisture, and consequently
the hydreulio conductivity at each section is rather high,
the water will flow back toward the warm end. If, however,
the conductivity is low, or the flowing mass is large and
requires a high tension gradient, the water will flow back
only to & point where the evaporation is equal to the
l1iquid flow and the circuit with the vapor phase will be
closed. The portion beyond this wet front will stay at
static equilibrium in a rather dry condition. The molisture
content in this zone will satisfy the conditions that no
vapor flow will ocour, nor will any passage from the liquid
to the vapor phase be found. This suggests a horizontal
eurve for the partial vapor pressure and an accompanying
- moisture content such that the corresponding tension sat-
uﬂn equation (16) for the value of -Ji--- at all points.
If a point on the wet front hﬂ'xns tppmmtau 100%
relative humidity at the water surface is considered, the
next warmer layer evaporates less, due to its rapldly in-
nrunn;ng molsture tension and the vapor pressure decreases
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until at the warm
end of the wet
front the curve
Joins the equilib~
rium curve of the

.l)d/ﬁ or /01"'@-55“{’:

L non evaporating
i sfance L b : Shike . Sines the

Fig. €
relative humidity
Vapor pressure in the equilibrium zone

is given by the

ratio of the value of such a curve to the original p -~
curve, and since the helght of the horizontal curve will
change with time, until stationary equilibrium is reached
between the vapor and the liquid flow, the molsture content
in the non evaporating zone will be related to the distance
to the wet front. Thus a jlvon point near the warm end,
at stationary conditions, will be drier when the wet front
is farther away.
Flow in an Interrupted Cylinder

Until now a continuous soil oylinder has been con-
gidered. Suppose the oylinder 1s broken into seotions
leaving between them an alr space. This will interrupt
the liquid flow, while permitting the vapor flow.

This scheme has often been applied, but no mention
is found in the literature of the complications 1t implies.

First of all, when the column is broken a new surface
is oreated. The %total pore-space along this surface is the
same as for the unbroken soil, and it is filled with the
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flowing vapor. 7The remaining part of the seotion area e
(100-air filled porosity)%, is now free to evaporate, since
it has become wet. Two components of the vapor flow in the
air gap must therefore be combined. The mass of vapor com-
ing out of the pores, after crossing this space will con-
tinue ites flow through the pores of the next slice. The
component given by the evaporation, on the contrary, must
gtop its flow ag soon as it encounters the face of the next
slice and it will therefore condense hereon. The water
condenged at the warmer side of the cool slice, inoreases
the soll moisture content at this point. At the colder side
of the game slice, the lnluiurc content is decreased by
evaporation. A molsture gradient is thus bullt up and, if
a tension gradient is also present, the molisture will flow
in liquid phase in the same direction as the vapor: i.e.
from warm to cold. Thus in a broken soll column a molsture
transfer higher than in an unbroken column is expected.
The magnitude of thils excess flow will be discussed later.

Another complication of this case involves the thermal
gradient. When dealing with a continuous column the there
mal conditions can be kept constant and uniform throughout
the goil. Vhen dealing with alternate layers of soil and
air, the thermal conductivity becomes & periodle funotion
of the distance. In order to maintain a uniform heat flow,
there must be the following relation between oconductivity
and the gradient:

C T
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where C, and C; are the thermal conductivity of air and soll
respectively, and T' = —E— is the thermal gradient also in
air or soil., The thermal gradient distribution in the
eylinder will therefore be as shown in Fig. 7.

Suppose all of the soll slices are brought together at

one side of the cylinder, Jeaving on the other side open alr

space equal to the sum of

§ the previously separated
; % air gaps. 8Since the ex-
{8 treme temperatures are
: i ~ fixed and also the
' Pig. © average thermal gradient,
Temperature gradients and since here also

.oqmnon (17) holds, the slope in each section will be the
same ag before, as shown in Fig. 7.

If L ie the length of the oylinder, T the difference
of the temperature at the extremes, and % is the relative
proportion of the air space, then:

(182) A .(a..—.au_k. = AT
and from (17):

T Lo, t'a Oq (a-nl) L ¥ Aw
(18pb) A -5, FANPEEY

Considering AT, 1; Ca, 05 as constants, let n—+oo , (i.e.

the thickness of the air layer tend to zero), the term



d + faplaz=l)) gonas to (0 4 ~§o-) ana
m ™, () z L. ga.
| ”

n—+oo
, tlio.:iagaugl < 1, 7', (n) is an increasing function,

fo;r n > oo af This means that the thinner the air gap,
‘the higher the temperature gradient in the air (but always
less than the average gradient multiplied 3& )e

If in (18b) n—> 1, i.e. the alr space incresses until
no more soil is inoluded in the oylinder, T', decreases and
tunds to %L, the value for the average slope.

Note, however that (18b), while having a limit for
n—+c , is undetermined at n « oo« This means that as soon
as the air layer disappears complately no slope at all
exigts in the air. 7

-~ § | If in (180) ', 16
J | P
! { | expressed ms f (')
Y
j ad | i N obtained from (17), we
# ] I‘f‘g‘uﬁ! h“.l
| dislfance
ey TV 438

o

Influence of the air gap thickness n
as the temperature gradient. g Ly :?I%l. + E_'._i)
] n Gy n

and for n—»ce, T, tends to 51 This implies that the
difference in temperature between the two faces limiting an
alr gap becomes smaller as the thickness of the air gap
decreased (see fig. 8).

Now congider the interference to the molsture flow
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resulting from these alterations in the thermal conditions.
8ince pg = f(T), there will be a different vapor pres-
sure gradient in the air gap. Also the diffusivity and the
quantity of vapor flow are different. Assume that for a
gmall thickness of the air layer, p = kT « C, therefore we
may write:

Pat pg'
(20a) -g:¥- .
where pat' = ~§E§; the vapor pressure gradient expected in

the air layer, and pg' = _%Ea. the vapor pressure gradient
in the nearest layer of eoil. From (20a) and (17) we have:

(20b) Pat = Papdli . ) gL

Since there must be evaporation from the warmer face,
and condensation on the cooler, the vapor pressure gradient
in the air must be a little smaller in order to promote such
evaporation and condensation. If py is the real vapor pres-

sure in the air, at the mid point of the air gap py = pPag»
The vapor flow in the alr space now becomes:

(21a) —a— = A D. p‘.

and also: .

(21b) 4% = ADp'y ¢+ E |

where D, and Dy are the diffusion coefficients for air and
s0il and E is the evaporation rate per unit time given by:
E= AK(p, -p ) acoording to equation (12b). If 4
is the length of the alr gap, from fig. 9 and from (20b)
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(22a) Aprgy = 4 p'; = 4 p!}
g & sk it 2

similarly, the difference in the actual vapor pressure in
the alr is!

and from (22a) and (22b), the difference between p,y and Pa
at the warm face, (x = w) i.e. the value for (p -p ) of

equation (12b) is:

(283) p, - p=pyglw) - palv) = #(d p} g:. -dp)) = &(p; g:- - pp)

Equating (21a) and (21b), substituting for E and using (23)
we have: ;
i .
(24a)  p', D'AQAI%(p"E:-pv-p;D‘A
or
(24b) (Dg + ;-gl a)p, = (Dg+ §a)»y

a

since p'; 1s funotion of 4, it cannot be integrated.
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By using (24b): 5
n" + 4

Dy » da

p; - P"

for a small range of temperature, assuming p‘. =T, k, and
spplying equation (19) where now 4 = % :
KC

(2¢0) p; z -—g—‘-—r (D.-t ld )

¢ (g “I1 4L LN e e

The actual vapor pressure gradient p; , for the limlt cases
of 4 assumes the following values:

s p "_%}_'1 i.6., 1t tends to be independent

of the thermal properties of the soil.

 C
D
lim p} atM S0 004 Ef'im
a-—-L L0g (Dg + ¥ 1)

This 1init, however, does not represent the conditions of
no goil and an evaporating free water surface at the end,
since it requires that the warm end be porous and vaper
diffuses through these pores. |

For the difference between p, and p,¢ at the evapora-
ting surface (x = w):

(28a) pyelw) = pylw) = 42!!!.'.'.92!. = §lpgy - P3) = %(pg-:. - p})

and from (24c)

ooy Ea
(261 (w) - p (W) = o
bt = mate) » ke (a‘: FT—“.. : )
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and:
lin (paglw) - pal¥) ) = ©

d—-> o

t1a (suato) = pat) s B0 (S0 2ot )
R & Dy -%L-

It e evident that the thinner the air gap, the smaller the

evaporation in the air gap.

Another important influence of the thermal gradient
distribution on the molsture flow, is related to the con-
ditions at the ends of the colusn. It has previously been
shown how evaporation and condensation take place at the

Bin o .tﬂ

ends of a con-

v
3
! t* tinuous column.
; ;‘ | When the satura-
1
’? b tion vapor presg-
}
ﬁ;‘m b S— sure curve in a
- i) broken column is
Influence of the air gap on the extension
of evap. and cond. zonea. as shown in fig.

10 the vapor pressure curve in the evaporating region, and

in the condensing region, will break at the end of the soil
elice. Therefore the next soll slice will not be influenced
by evaporation (or condensation) unless the vapor pressure
curve in this region 1s low (or high) enough to Join the
saturation vapor pressure curve in the next layer. This will
happen at the evaporation zone, when the molsture content

is reduced below a limit where the evaporation rate becomes
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naturally influenced by the soil molsture tension. This s
shown in fig. 10.

Since the thermal gradient influences both the slope of
the vapor pressure in the soil and the difference of vapor
pressure at the cold and warm face of the air gap, 1% may in-
fluence in two ways the extension of the evaporating and con-
densing region. First, if the difference of vapor pressure
at the air-soll face is low (i.e. small air gap), the evapo-
ration or condensation curve has a higher probability of ex-
tending into the next slice of soil. In this case the con-
ditions are similar to the continuous column. If the air
gap is large, the step in the vapor pressure curve along the
air space is high and it is difficult for the evaporating or
the condeneing ourve to extend across the alr gap. 'nanctcr;
since the surface involved in the processes of evaporation
and condensation are nov limited by the air-water interface
of the terminal slices, the vapor pressure ourve must be
lower (or higher, respectively) than it would be in a con-
tinuous column.

It should be interesting to make some theoretical pre-
diction on the relative importance of these alterations from
the conditions of an unbroken column. Since equations (13b)
and (14b) could not be solved and many soil characteristics
are ﬂntnﬂin, the prediction will wait for experimental re-
sults. In general i1t may be sald that if a rather large air-
water interface is required to be involved in the evaporation
and condensation processes at the column ends, the evapora-

ticn and condensation phenomena in the alr gaps is lowered.
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MATERIAL AND METHODS

The soll used is & Millville silt loam. Its field
capacity is 21% (approximately); its permanent wilting
percentage 1s 7% (approximately). The air-dried soll was
brought to the desired molsture content and then kept in a
closed can. This soil was used for a large number of tests.
Three different batohes of moist soil were prepared. In
order to wet the soll as uniformly as possible without dis-
turbing its structure, the dry soll was let stay overnight
at below freezing temperature. It wasg then thoroughly mixed
with a weighed amount of fresh snow. The operation was per-
formed at freeging temperature. Before use, the soll was
let stay at least one week in the storage can. Two differ-
-nt'nnitturv levels were used, about 17.5% and 9.5%. The
method gave satisfaotory uniformity of moisture while re-
taining structure.

Leucite oylinders were used as containers. They were
10 oem. long and 7.26 om. in diameter. They were cut along
two generatrixes. In part of them 5 thermistors were in-
gerted at 2 om. intervals, beginning 1 om. from one end.
With these devices it was possible to record the tempera-
ture inside the soll sample at different points.

These eylinders were placed horizontally between two
steel-plates forming the side of two water baths which were
held at different temperatures. The high temperature (about
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30°) was obtained by use of a common thermoregulator. A v
gtirrer was used to bring about uniformity of the tempera-
ture in the bath. The low temperature was obtalned by ocon-
tinuous flow of cold water at about 10° C. The constant
temperature room was held at 20° C. There was a slight loss .
of temperature gradient along the bath walls. The thermal
gradient inside the soil column was kept at about 1.5° C./em.,
~ the observed values gave an average of 1.5 * 0.1° 0./em.
For the seriss with compact wet soll, the gradlient happened
to be about 1.7 2 0.1° C./em. COylinders without thermistors
were used only when the introduction of these in the soll
was practically impossible. The temperature gradient inside
the soll was kept uniform by eoating the eylinders with a
thick layer of insulating material. The best results were LuaMﬁﬂi;ﬂ“
obtained by a first layer of cotton, about 3 - 4 om. thick
when pressed, and sn external layer of foam rubber. The
latter was obtailned by winding around the oylinders (a pair
each time) a strip about 7 feet long and 7 mm. thick, of
this foam rubber.

The soll was put in the containers either as a contin-

{

uous column or in five slices separated by an alr gap. Two
different compactions were taltod;j*n one geries the total
porosity of the soll mass was 49. 0’. nnd in the second
Sl Detad pertabiy mns De. ki

The low compaction was obtained for the continuous A
eylinders by a standard procedure, consisting of slightly
tapping the soll at each 1 em. layer and then destroying
the flat eurface formed, before adding the new layer. The
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high compaction was similarly obtained by heavier tapping.
| A certain difficulty was found in forming the air
spaces in the broken columns. First the use of wire gauzes
was tried. Two different gauze types were tested, one a
40 mesh brass gauze, having a net empty space, caloculated
as a projection on a flat surface equal to 36.0%. The other
coarser soreen was obtained from an originally 14 meshes
galvanized iron gauze; 1ts wires were then tilted until
forming an angle of 60° (instead of the initial 90° angle).
Its net empty space was then 49.2%.
g8ince the use of the wire soreens proved unsatisfag-
tory, attempts were made to eliminate their use. This wae
rather easy when compact wet soll was used. A measured
amount of this soll was put in a short leucite cylinder
about 2.5 om. long and was compacted in the same way as for
the continuous more compact soil column. This rather com-
pact cake was then taken out of the small cylinder and
placed in a long eylinder together with other similar sllces.
When dealing with dryer soils, in order to have a good con-
sistency and also to obtain a comparable structure, the
cakes were first made with wet solil (18% moisture) and were
then allewed to dry to the desired molsture.
¥With the loose wet soll the slices were prepared dil-
rectly in the long eylinder. After slightly compressing a
certain amount of 5011. a leucite dise, 3 mm. thick, was
interposed before adding new soil. Four of such leucite
diaphragms were set at about 2 em. distance from one an-

other or from the column ends. After the operation was

8
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finisghed, the cylinder was opened on the side and the dia-
phragms were removed with much care.

When compact cakes were placed in the cylinders, a
layer of stopcock-grease was spread on the oylinder wall in
order to obtain good contact with the soll and to prevent
any vapor flow around the plastic wall.

When dry continuous columns were tested, they were pre-
ﬁiria first as single 1solated cakes of wet soil. Then,
after the proper molsture content was obtained, these slices
vere connected together after scratching the surface, and
the whole column was again compressed in order to have good
connection between the slices. This was done in order to
have a soll comparable not only in moisture content but
also in structure, with the broken column.

An important point was to obtain approximately the same
compaction in every teest with both broken and unbroken
columns. With a little practice this was obtained to a good
approximation. This was checked by welghing the leucite
containers before and after being filled with soil slices.
When continuous columns were tested, the required amount of
s0oil was first weighed and then it was put in the eylinder.
Only small differences from the caloulated amount of soil,
were observed. The amount of soil to be put in the con-
tinuous cylinders was calculated from that required to pre-
pare the broken columns, and assuming an average air-layer
thickness of 2.5 mm.

The distance between the soll slices was changed in a

series of tests in order to ohserve its influence on the
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molisture flow; the range tested was from about 1 mm. to
about 10 mm. VWhen not explioitly mentioned, the thickness of
the air gap without gauzes is to be considered about 2.5 mm.
When wire soreens were used the diaphragm was asbout 2.3 mm.
thick.

Two greased rubber rings permitted a tight connection
at the edges of the oylinders. The lengitudinal flssures
along the eylinder wall were gealed with wax in order to
prevent any vapor losses. Only a small hole was left in
order to maintain an overall pressure squal to the atmos-
pheric pressure.

As a general rule two tests were run at the ssme time,
keeping the cylinders side by side. With few exceptions
each continuous soil test wag run parallel with the broken
column test. By this way the error between the palrs was
reduced,

The touio were run for variable periods of 6 hours, 12
hours, 1, 2, 3, 4, and 7 days. ‘

At the end of each test the oylinders were opened on
the side and samples were taken for molsture detorminations.
Fifteen samples were taken from each oylinder; 3 from each
slice when the column was broken. All samples were cut
along planes perpendicular to the oylinder axis. For two
tests the samples have been taken geparately from the upper
and lower helf of each oylinder; in these oases only 10
samples were taken along the axis, msking 20 samples per
eylinder. Each sample welghed about 15-25 grams.
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The moisture content was determined by drying at 106° -
110° ¢. for about 17 hours.

The results are shown in tables 1 to 8 and figures 1
to 9.



RESULTS

Continuous Columng.
Table 1 and fig. 11 ghow clearly the influence of the

temperature gradient on the molsture displacement in a con=-
tinuous soll column, at a moisture content slightly below
the field capacity. The effect is evident after 6 hours.
The change in the molsture distribution continues &t a near
congtant rate until the third or fourth day. After this
time the molsture curve agsumes a constant pattern, it does
not exceed 24% molsture content at the cold end. This is
'nlightly wetter than the field capacity for this soll. The
curve, from the cold nlate deoreages slowly until a point
where 1t decreages rapidly producing a steep moisture gra-
~dient. This region is called the wet front. The moisture
of the remaining warmer drier part does not deorease below
4.4%. This figure is much lower than the wilting coefficient
for this soll.

Comparing the data of table 2 and figure 12 with the
former, shows the importance of the compaction. Here also
the molsture distribution curve changes with time, but the
equilibrium is reached sooner. After two days the curve is
stabilized. The curve has a more uniform gradient than the
curve for the loose soil. Its slope is steeper than the
first portion (ecold) of the corresponding curve for the
loose soil. It reaches the warm side without reaching the



Table 1.

Molsture distribution in continuous loose soll columne (17.5% moisture) *

p a7 S AR R BRI | A A SRR TG
- “"‘““"EE‘F‘—-FMP- -a*—m;— 1&4— e

cold face ture

gample _ (mm) g. °c. %. % %, % __°%.
i 1-7 18,7 =~ £22.6 =~ 22.83 =~ 22.9 - 23.6 = 23.8 =
2 7-14 18.7 14.0 20.€ 14.0 21.3 15.0 22.2 15.0 23.3 15.0 23.3 1l4.5
5 1‘-20 13.1 - 19.2 - mo‘ = 2201 - 23-0 - 28.0 -
4 20-27 1?-0 - 18-0 - 19.‘ - 22.0 - 2302 - 82-9 -
5 27-34 17.5 18.4 17.8 18.0 18.1 17.6 21.7 18.4 23.0 1%.2 22.8 17.5
6 M 1?.5 ; . 1?-7 - 1808 - 2106 - 22.8 ol 2205 -
? "0‘-‘, l?c" i 17.7 - 18-‘ - 21-0 - 2203 et 2201 -
8 4‘?—-“ 17.5 20.6 17.0 20.0 1804 20' 20.3 29.‘ 22.1 21. 21‘9 1909
9 64=-60 17.6 - 17.9 = 18.2 = 19.9 = 2l.4 =~ 2l.4 -
10 80-87 17.5 - 17.8 - 17.8 = 18.3 = 18,8 = 18.8 =
11 67-74 17.7 22.2 17.7 22.3 17.1 22.8 165.9 23.1 12.2 24.1 12.4 22.0
12 74-80 17.7 - 17.86 - 16.6 = 13.1 = 7.9 = 7.6 =
13 80-87 17.3 16.7 =~ 15.0 = 8.9 - 6.0 - 5.5 -
14 87-94 16.4 27.0 12,5 26.1 12.4 26.2 6.5 26.2 4.5 27.C 4.4 26.5
18 94-200 13.4 - 9.6 - 8.6 - 5.4 - 45 - 4.2 -

*® Temperature figures are means for values observed during the experiment.
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Table 2. Molsture diastributicn in continuous
compact soll columns (17.5% molsture)

mxpprox.XWWJW o
Nunber diztance 8Socll neintura distribution

of from . ter:
gample coigﬁ§aae 1 day 5 days 4 days

1 1-7 20.3 20.4 - 20.4
2 7-14 19.7 20.0 20.3
3 14-20 18.9 20.0 19.8
4 20-27 18.8 18.8 19.4
5 27-34 18.5 19.4 16.1
6 54-40 18.2 18.1 18.7
4 4047 17.9 18.4 18.4
8 47-54 17.7 17.9 17.9
9 54-60 17.5 17.4 17.4
10 80-67 17.0 16.7 17.2
11 6774 16.5 16.1 16.4
12 74-80 18.0 15.8 18.7
13 80-87 16.3 156.0 16.0
14 87-94 14.4 13.8 14.0
15 94-100 13.4 12.4 12.4

(*) for data obteined after 3 days see Table 7.
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lower limit of drying. There is no flex point.

The experimental data for the 9.6% moist soil column,
(rig. 16, table 8) show a large deviation from the curve;
this evidently results from the fact that the column was
built up from single slices. The curve shows a steep slope
at the cold face, and gradually changes to almost a straight
iine with a smaller slope at the warm face.

Broken Columns.

Table 3 and figure 13 show the influence of the sereens.
It 1e notable that there was an accumulation of water at the
¢old column-end and a depletion at the warmest slice. When
the warmest slice had decreased to about 8% moisture, the
next slice began to lose its molsture much more rapidly
Inside each slice having a molsture higher than about 14%,
it is evident that molsture accumulated against the soreen.
The impediment given by the sereen is also evident from the
fact that the moisture in the warmer slices (except the
actively evaporating one) is higher than the molisture of the
colder (except the coldest). This brings about an inversion
in the sign of the molsture gradient between slices.

The coarser soreen shows the same effects but less
pronounced.

Table 4 and figure 14 shov the results obtained after
elimination of the sereens. Here both the molsture dis-
tribution inside each slice and that between the glices hag
exaotly opposite direction than when soreens are used.

S8ome irregularity in the slope of the second slice ( from the



Table 3. Moisture distribution in loocse soil columns broken by use of wire screens
{moisture 17.5%)

~ Wo.
ﬁistnnno Eg gggE| g !I! 4 gll! z:gﬁxi 3
of oig-
eolﬂ Tace ¥, ture
sample  (mm) °ﬂ s __%. 2 c. % °c. %

1 1.? 21.6 - 32.6 - 2604 - 33.{ - “05 - 2?0'

2 ?‘1‘ 19-6 13.5 EQ-G 1‘.0 2508 1‘.9 33-2 13.5 ‘502 13-5 2708

3 14-20 18,86 = 16.3 =~ 26.4 - 26.8 - 43.5 - 27.9

‘ 20-2? 19-0 - 18-‘ - 1?-8 - 1804 e 1608 - 19-1

-] 27-34 l18.4 17.6 17.4 17.7 16.3 18.3 18.1 18.6 15.2 17.2 18.8

8 S4=40 17.7 - 17.0 = 16.6 l16.8 - 5.1 =~ 17.8

? 49-‘!? 19.1 - 1900 - }.9.1 - 15-1 o 15-3 - 1801

8 47-54 8.4 21.1 1v.8 20.6 18.2 21.2 17.9 22.2 15.0 20.3 17.4

9 ﬁi-w 13-1 - 1003 e 13-5 - ].5.7 - 12.1 - 16&3

10 50-87 19.5 - 19-8 - 20-1 - }.5.1 - 9.‘ - 1801
11 67-74 18.9 24.4 18.8 23.0 19.9 23.7 15.2 26.3 7.7 23.0 18.5
i 74-80 18.3 - 17.7 - 18.1 - 11.3 = 6.6 =~ 16.3
13 80-27 17.9 17.9 = 8.6 - 6.6 ~ 4.4 - 7.5
1‘ 57-94 17.2 2?-8‘ 14.8 25.5 ?.0 28'4 *99 2508 ‘-O 28-? 3.5

B i i 5.8 - 4.5 - - R 8.3

# The figures of the last column were obtained after using the coarser gauze.
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Table 4. lointm autub::;o:’ 1:1 loose solil
broken o r 8
?:?.5; moisture) i

Prox.
Number distance Soil molsture distribution
efl {:G: ___.__._I!lmazinr:
sample ©o ace
Amm.)

l1day 2 days 4 days
1 17 28.3 33.8 35.6
2 7-14 28.1 32.4 35.3
3 14-20 27.8 32.2 35.4
4 20-27 20.0 21.5 22.2
5 27-34 10.4 21.3 26.5
6 34-40 10.2 21.2 25.4
7 40-47 18.3 17.8 17.4
8 47-54 18.7 17.8 17.3
o 54-60 19.8 17.8 17.3
10 8067 15.4 10.4 7.2
11 67-74 14.9 10.8 6.9
12 74-80 14.8 9.8 6.5
13 80-87 8.7 4.8 4.5
14 87-94 5.9 4.7 4.3
15 94-100 5.5 4.2 4.0
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cold side) results from occasgional contact between slices.

The water acoumulates at a higher rate to the cold end.
The moisture gradient inside the coldest slice shows great
variation. This is probably due %o the fact the sampling
of this almoat saturated soll, involved a certain puddling
effect.

The same type of responses is given by the compact soil
slices at 17.5% moisture (table 5, figure 15). The slope
inside the slices is also from warm to ocold. The -lépo
between slices and the behaviour of the extreme slices 1s
similar to that of the former case.

The same response e given by the 9.6% molst soil
A{figure 16, table 8). Here the slope inside slices is high-
er. The slope between slioces is about the same as in the
continuous column.

If we plot the accumulation at the colder face against
time for the three cases of sereened loose soll, unscreened
loose soll, or unsoreened compact soll, we have a straight
line ourve (see figure 18). At the same temperature gra-
dient, the accumulation when soreens were used 1s about
20.8% lese than without sereens. The higher accumulation
in the compact soll seems 0 be accounted for by the slight-
1y higher thermal gradient.

Figure 17 and table 6 show the influence of the dls-
tance between slices. It is evident the rapid change in
moisture distribution between the slices as soon as the
distance decreases below 5 mm. The warmer slices, provided
they have not reached the minimum moisture value, tend to



Table 5. Moisture distribution in compact soll
columns broken by air gaps (17.5% moisture)

Nusber d1s%ancs Soil moisture distribution
of from (£) after:

sample o¢old {ana ST % sk 4
1 3-7 25.5 29.2 34.5 42.7
2 7-14 22.6  29.1  34.5  42.2
3 14-20 23.3 29.1 34.1 42.7
4 20-27 18.0 20.7 20.7 18.8
5 27-34 18.0 21.2 21.0 19.1
8 34-40 18.7 21.5 21.6 19.8
7 40-47 17.8 18.4 18.1 14.5
8 47-54 17.9 18.5 19.0 14.4
9 54-60 18.4 19.0 19.5 14.7
10 60-67 17.2 13.3 8.7 6.8
11 67-74 17.5 13.1 9.2 6.8
12 74-80 18.1 13.1 8.9 6.7
13 80-87 10.1 5.8 4.5 4.9
14 87-94 10.1 5.3 4.8 4.7
15 94100 9.9 4.9 4.2 4.5
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Table 6. Influence of the air gep thickness on the
moisture transfer (molsture distribution
for compact soll at 17.5% molsture)

(after 3 days)

Number digtance Alr gap thickness

) b ¢
u:ph uo!(.i?ne “1mm 2.6 mm 5 mm 16 om

1 1-7 36.0  34.5 33.8 32.1
2 7-14 36.85  34.5 52.0 51.5
3 14-20 36.8  34.1 33.2 31.0
4 20-27 23.7  20.7 18.5 20.7
5 27-34 23.2  21.0 18.4 20.5
6 34-40 23.4 21.6 18.1 20.9
7 40-47 4.4 18.1 19.3 19.5
8 47-54 14.56  19.0 19.4 19.4
) 84-60 18.1  19.5 18.8 19.5

10 60-67 7.7 8.3 11.4 11.3

11 67-74 8.2 9.2 11.4 11.1

12 74-80 8.3 9.3 11.5 10.8

13 80-87 . 8.8 4.5 5.3 4.6

14 87-64 4.5 4.5 6.0 4.6

18 94100 4.7 4.2 4.9 4.2




Table 7. Difference in moisture dlstri- Table 8. MNolsture dlstribution

bution between upper and lower for compact soll
?m of continuous soil columns (9.6% molsture)
17.5% molsture)
(after 2 days) {after 3 days)

0=1 23.0 235.1 20.1 20.5 -

2 7-14 18.2 15.0

2 1-2 22.6 22.56 12.7 19.¢9
] 14-20 18.1 12.6
3 2«3 22.2 22.4 19.3 19.4 4 20-27 9.4 11.4
4 B=4 21.9 22.0 18.6 18,9 5 27-34 10.1 11.0
6 S4=40) 10.4 2.6

5 4-5 20.7 21.3 18.2 18.1
| _ 7 40-47 7.8 9.6
6 5-6 19.9 20.0 1&8.9 17.2 8 47-54 8.4 2.0
7 6-7 17.4 17.4 16.0 186.6 9 54-60 9.0 8.7
10 60-67 5.9 8.6

8 7-8 15.0 12.9 15.4 15.4
11 67-74 6.1 7.4
9 8-9 8.4 7.7 1l4.6 13.8 12 74-80 6.1 6.2
10 9-10 5.8 6.0 13.8 14.2 13 80-87 4.8 6.3




59
decrease in moisture; the colder slices tend to inorease
in it.

In almost all cages the minimum moisture content So
which the soll dries at the warm end is lower as the dis-
tance to the wet front inereases. This holds for contin-
uous as well as for broken columns.

Table 7 shows that no significant difference exists
between the lower and the upper part of each soll section,
for both compact and loose continuous columns.
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DISCUSSION

First consider the evidence of the important role of
the vapor flow in soll molisture transfer under a thermal
gradient,

From the data of table 7, it is evident, as predicted
from theory, that convegtion plays very little if any role
in vapor flow. The small differences found between upper
and lower layers are not significent,

Consider now the influence of the screens.

When a broken soll column has been used to interrupt
the liquid flow by other researchers & double wire gauze
screen was always interposed between two soil portions.

In this condition an important role is played by the rela-
tive empty area of the soreen. If this area is less than
the porosity of the soll, the vapor flow will be impeded
and vapor will condense behind the screen, and a smaller
amount of vapor will erose the air gep then with an un-
broken column. If the net empty area of the screen is high-
er than the porosity of the soll, the excess erea (over the
porosity of the soil) will increase evaporation, as pree
viously mentioned, and the data on moisture transfer will be
more or less blased. Also when a wire is in contact with
the wet soll, the soll pores which are against the wire,

do not have in front of them other pores, and the probability
that some pores will be sealed off by the flat profile of
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the wire is increased (see fig. 21). This is evident if
Fadi &5 4l  one thinks that the pores

o . \between the wire surface
Fand the soll particles

along the section A-B are

wire

!  comparable to one-half of

"| | the volume of the pore

il ' along the line C-D and
ho 1{.}? 2
- therefore, their average
Pig. 21 diameter is smaller. It
Influence of the screens on
the vapor flow. is not known, however, to

what extent these arguments mey have influenced the results
of the other writers. The thickness of the screen is more
likely to influence the vapor flow, The influence of the
supplementary eveporation when & coarser screen is used, de=-
pends largely on the rate of evaporation per unit time and
unit surface. If this evaporation rate is high, 1t will
increase the bias when coarse screens are used, but it will
decrease the effect of the sealing off the pores by the
wires, Indeed, if a pore is sealed with water, vapor will
condense on this filled pore, but it will evaporate from
the surface of the wet soll particle exposed to the air be-
tween the wires. In such & case the only important fact
should be the net empty area of the geuze. If, however, the
evaporation rate is very small, both 2 small net empty area
of the gauze and the sealing off effect are expected to be

effective.
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In the work of Smith (1943), the vapor was expected to
condense on the flat cold surface beyond the screen. In
this case two other factors are inwvolved in the molsture
flow, First the screen is near the cold end and therefore
it may happen that the lloba of the supersaturated wvapor
curve is low so that little diffusion occurs. This will be
the case if the condensation rate per unit area 1s low, so
thet the air-water interface involved is larger than that
of the flat cold plate. The vapor should then condense in
the soll, behind the screen. Also, it 1s to be observed
that the condensation on a flat non-wetted surface, par-
ticularly Af its attraction for the water is low, will be
more difficult than on the concave menisci of the soll mass.
When the condensation on the cold plate is started the water
will be present in form of droplets with a convex surface,
while condensation on a flat surface requires a higher
vapor pressure, However, this last factor seems less im-
portant because of the small diameter of the soll pores
and of the droplets involved. If the evaporation rate is
low, it could become the only serious factor.

Looking at the results given in fig. 18, it is evident
that the rate of moisture accumulation at the cold end is
3.8%8/day when screens were used, against 4,8%/day when no
screen was interposed. Note that the only point obtained
for the coarser screen test is close to the line for no
screen tests. The decrease of 20.8% of this slope due to
the screens show that they have a real influence particularly
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when the wires are thick, but they still permit, at least
in the conditions of this experiment, the detection of the
vapor flow., In our cases the net empty space of the soreens
was still more reduced by 2 ring of wax used to get a good
connection between screens and the lucite wall., This ring
happened to be lnigor for the thicker gauze. A considera~
tion of the small difference between the coarser gauze to
the no gauze test, sn indication of the small influence of
the evaporation compoent in the vapor flow through the air
gap, is bad.

Considering fig. 11, it is interesting to observe that
in the first 12 hours, when the moisture transfer has meter-
ially affected only the extreme layers, the horizontal part
of both the 6" and 12" curves show a tendency to increase
from ocold to warm. All the experimental points, but one,
fit pretty close to the curve. Although this evidence is
not conclusive it suggests that it could represent the in-
fluence of the variation in the vapor pressure curve as
function of the distance in accordance with the predictions.
In any case, those effects are too small to be considered
in practice and in no other case were the effects apparent.

On the contrary, the evaporation and condensation
effect is very evident. Looking at the graphs for the
broken column, it is evident that condensation occurs not
only on the coldest slice (even if it is here much larger),
but also on the next less cold slice. Fig. 17 shows the
influence of the air gap distance on this process. When
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thie distence decreases below 5 mm,, the moisture trensfer
inereases and the second leyer in condensation and the third
layer in eveporation become active. This spreading of the
evaporating and condensing region when the alr gap is reduced
wes predicted. A4is the alr gap between slices becomes narrower
the difference in vapor pressure between soll and air regions
along the wermer face of an air gep becomes smaller. This
means that the evaporation is also smaller, Because of the
small evaporating area at the slice surface, compared with
the large ares involved at the column ends which is avall-
able to supply vapor through evaporation, for the diffusion
procees, the diffusion oémmt itgelfl ig far the most ime-
portant in dntmtnm the vapor flow crossing the air gep.
Therefore eny factor influencing the diffusion, will like-
wise influence the vapor flow.

When we inoreasse the thickness of the air layer, accord-
ing to equation (19), the vapor pressure gradient decreases
in the soil (slices) and therefore the diffusion rate de-
creages. Combining this faet with what has been said about
evaporation, we may state thet fig. 6 shows more exactly a
decrease of flow due to decressed diffusion rate when the
distance inoreases, rather than an increase of flow due to
evaporation when the distance decreases. The rapid change
between 0 and 5 mm. distance is then predictable from equa-
tion (19).

We have inferred that the amount of evaporation and
condensation in the air layer is small. It is, however, not
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negligible, Its presence is menifested by the formetion of
a moisture gradient inside esch slice {except the end slices),
showing condensstion at the warmer face and evaporation at
the colder face of the soll sllces.

The relationship between the observed moisture gradi-
ents and the liquid water flow 1s difficult to determine.

It s kmown that under field conditions e rather exact
relationship between water tension and moisture content of
the soil ig reached at some time after an irrigation or
rainfall, Many writers--Haines (1930), Richards (1931),
Schofield (1938), ete.--have presented arguments end data
indicating the existence of two curves, & wetting ocwrve end
a drying curve. Some writers clalm that these curves do
not represent true equilibrium curves, and argue that with
sufficient time only one curve should be obtained,

Compare the equilibrium curve of fig. 12, for example,
with the corresponding curves of fig. 15 for the broken
columns, Since the permeabllity constent of Darey's equa~
tion 1s & funotion of the moisture content, a point on the
curve for the continuous column about in the middle may be
chosen, and compared with 2 point on the middle layer of the
broken column, These pointe heve epproximetely the same
moisture content. The slopes of the curves at this point
are almost equal in megnitude but opposite in sign. This
means thet, if both molsture gradients correspond to a
unique moisture retention curve, the liquid flor in both
cages 1g of equal ml.m...l The liguid flow in the
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continuous column at each point is equal and opposite to the
vapor flow at that point. Since middle sectione unaffected
by evaporation or condensation have been chosen, the vapor
flow in the continuous column is practically equal to the
vapor flow in the unbroken column. The consequence is that
in the broken column the evaporation component corossing the
air gap should be equal to the diffusion component. But it
has already been established that this is not the case; there-
fore the two molsture gradients for the broken and umbroken
columns can not correspond to the same moisture retention
curve. This re-emphasized the existence of two distinect
stable molsture retention curves.

For the Millville silt loam a complete drying curve is
avallable. A partial drying end wetting curve has also been
calculated by Richards (1931) and a complete curve in terms
of pF is reported by Baver (1948), Haymee (1930), and Richerds
(1931). They have shown that all points in the region bounded
by the wetting and drying curves may be reached when the mois-
ture is made to change in a certain way. In general the ten-
sion tends to shift smoothly from the initial value up to
one on the drying curve if the so'i.l is drying, and vice versa.

In owr case, if we consider the equilibrium curve of
the continuous soil, we have to negleot the portion of this
curve at moisture values below the wilting point since it
does not mesterially contribute to the flow. The remeining
active part mey be divided into a colder section where an

increasing condensation may occur, and & warmer evaporating
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portion. The points at the cold face are certainly inten-
gively wetting and their tension is expected to be on the
wetting curve. Similarly, at the warmest evaporating section
the tension is expected to be on the drying curve. Since the
moisture tension curve in the soll must be continuous amnd
gince in the middle section there is no reason i’or the ten-
sion to be at either of the limiting tension curves, it is
reasoneble to expect that the tension at this point is intere
mediate., Ve cannot infer the position of the intermediate
pointe. However, Af the molsture characteristics curves are
observed, it is apparemt that at the higher moisture contents
of the soll the drying and wetting curves become closer to-
gether (at least in the range from fileld capescity to about
the wilting point). Since in our case the wettest point is
about 24% (loose soil) or 20,5f% (compact soll) moisture, and
the warmest is about 8% and 12% respectively, we may assume
that there is little error in the tension gradients if we
drew for our case 2 tension curve like that shown in fig. 22a.

On the other hand, the curves inside the slices of the
broken columms are more complicated since two distinet pro-
cesses are superimposed. The second slice in fig. 15 is
subjected to an overall condensation but the two faces of
thhﬂ slice are relatively evaporating or condensing. For
this slice the first process is predominant during the first
two days. During this time this curve cannot have points on
the drying curve. It is not known if all its points are on

the wetting curve, however. If this last was the case, due
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to the small moisture difference practically no liquid flow
could ocour since no gredient would exiest, and the differ-
ence in molsture should represent about half the amount
evaporsted at one side. The difference in slope of the
slices of fig. 16 can be interpreted as being due to either
e higher tension gredient that is required for the liquid
flow, or a little higher eamount of evaporation occurring
" which compemsates for the smaller diffusion rate (this de-
pends on & higher tension at this moisture level). In any
case, the moisture tension gradient must be low here, since
the amount of flow inside the slices is expected to be rather
small,

It is worthwhile to use these arguments and the experi-
mental data to compute some of the soil constents. The liquid
flow is dominated by the value of the hydraulic conductivity.
From Dercy's equation we have:

%" o g o K ® dat
o 3
A = 34,38 on?., The temsion gradient may be obtained by cone
gidering that:
AL = 4r an
dx dM dx
where M = moisture percentage. The first factor of the right
number is obtained from the moisture retention curve; the
second factor is obtained from figs. 1l and 12 for the contin-
uous column. The evaluation of &g. is more complicated. If
we coneider 2 middle section, just half way between the con-
densing end evaporating region, practically no divergence in



Fig. 22a. and 22b. Molsture retention ecurve for the
Millville silt loam.
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the flow will occwr. For this case the rate of flow is
equal to the summetion of the rete of accumulation in the
colder layers. For the compect soil, it 1is possible to use
fig. 17 by extrepolating to zero air gap distance for the
accumulation figures. In order to compute K for points to
the left or right of the center, provided the molsture at
this point is enough to insure vapor flow, it is necessary
to know the value of the flow at this particular point. Thie
computation camnmot be exactly done. Fig. 19 has been obtained
by taking for rate of agcumulation at the coldest slice, the
slope of the curve in fig. 18 when corrected for the air gap
distance. For the second slice the rate of accumulation has
been taken from the average accumulation in the first three
days, since after this time this slice also started to evap=-
orate. It is nmot poseible to get exact data for the warm side
since here the evaporating region is moving; however, it seems
reasonsble to assume as a first approximation, that the rate
of depletion at the warm side should follow a symmetrical
curve with respect to the oondeﬁslng curve. This assumption
seems to be supported both by the ildentity of equations 13¢
and l4c, and by the observation of the rete of depletion at
the warmest layer during the first day compared to the aver-
age accumulation rate for the coldest layer. Fig. 9 is very
interesting since it seems to prove that the evaporation and
condensation reglons not only extend far from the ends of the
column, but even touch each other at & mid point., Om the above
basis the following figures have been computed for the moisture



conductivity. . et
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Table 9. Hydraulie conductivity values 3
dlstance| ! ! ! i f "1::::::!
goil from imols-jfen-y dg 1 di 4 ;1 4t K )
column idold endjture ;sioni dt 4 dx ; dx ; aM il
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loose : . H : 1 g.fﬂ'j
17.5% 3.5 r"'au:’S...('.i gﬁ.lﬁ 2.48 0.2?!'0.0109%0.0#1 23.2 x10~5

5

compact i i 339°

17.5%] 2.0 {15.0 ;6-90 b.2h 1.30’%331653.31& 1.13x10"7
compact '

' l p“
17.5%1 5.0 117.1 io.ub 5.79 {0.76 e.a:;ae;o.m 6.08x10~5 MP*

| i i 4
ﬁ:s#; B840 {19.6 :o.zo Bo28 §0.4b o.nzgyge.nsﬁ 18.38x1075 541"

These figures are of the order of magnitude expected from

the deta found in the litersture. When the values for K sre
plotted egainst the moisture tension, a curve like that of
fig. 24 is obtained. Note thet the value for the loose soil
does mnot it the curve for the compact soil. At this moisture,
mich below the saturation, it is expected that there will be a
higher hﬂrmﬂ.ia conductivity in a compact soil.

If en analogous computation iz desired for the coefflcient
of gaseous diffusion, a2 serious lmpediment is foumd. In this
case the value for ﬁ is not known, since the vapor pressure
to be considered ies the one given by the golution of the differ-
ential equation 13¢ which camnot be solved. Since, however,
the vapor pressure gradient expected from equation 1l3e¢, as
ghown by fig. 25, hag to be smaller than the saturation pressure
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gradient, we can compute & minimum value for the coeffloient
of vapor diffusion by using the latter gradient.

We have:
RO it

3

where D = coefficient of wvapor diffusion; ¢ = volume concen-
tration of the water vapor. Considering the middle section
of the compact soil cylinder, we cbserve & vapor concentra-
tion gradient of 1.71 x 10°6 g/on® and a vepor flow of 5.79
g /éay. The minimum velue for D is thus equal to 5;1939 on?/sec.
The value for the coefficient of water vapor difussion in air
is given by:

1.75

4\0 b
%’02301_@%3...)

and at 20° C, is ebout 0.24, Assuming that the coefficient
for the diffusion in the soil columm is proportional to the
porosity of the soil (Pemmen (1940), Tayler (1950)), we
expect for the column of compact soll a diffusion coefficlent
about equal to 0,086 om?/sec. It is surprising the discrep-
ency between the expected and the observed value, the latter
being at least 11.5 times larger than the former.

Gurr, gt al. found also a diffusion coefficient too high,
but the difference from the expected value was less since they
probably 414 not consider the vapor condensation oceurring fer
from the cold end,

An explanation for this fact can be found in & paper by
Henry (1948). He states that:



s

Whenever moisture diffuses through a porous
absorbent body the thermal effects ing
the process result in a ocoupled diffusion of mols-
ture and heat which is mathematically analagous
in many aspects to & pair of coupled vibrations,

The combined diffusion processes can be con-
gidered mathematically as equivalent to the inde~
pendent diffusion of two quantities, each of whioh
ie a2 linear function of both vepor concentration
and temperature. These quantitlies correspond to
the normal coordinates of the well known coupled
vibration problem: The diffusion constants appro-
priate to these quantities are always such that
one is greater and the other less than either of
the diffusion constants which would be observed
for the moisture and heat, were these not coupled
by the interaction.

This writer observed on cotton bales, that:

« » « 88 the temperature rises, the molsture
diffusion coefficient D, which is at first much
smeller then the thermel diffusion coefficient

D, eventually becomes much larger.

Henry points out that these relations are wvaluable for

temperature less than 80° C. and relative humidity less them
90% since under these conditions a liquid flow ocours and
takes 2 remarkable part in the process.

In our case, the fluld flow plays an important role and
we cannot entirely apply Henry's conclusions. Also, r!my‘
was dealing with unsteady vepor diffusion. ¥We do not know,
therefore, to which extent these facts may be responsible
for the high vaiue of the diffusion coefficient observed.

A last point to check 18 the influence of the distance
to the wet front on the moisture content of the drier layers.
Since in no case is the minimum value for the moisture below
4%, some values heve been calculated for the moisture percent-
age of a soil layer at various distances from the point at 4%
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and 26° C., of temperature. The following formula has been
applied:

Pz 19,2 & 13,8 Po
P 108 —gy 108 -

The pF curve given by Baver for the Greenville loam (the
neme for which has now been changed to Millville silt loam)
was used. Assuming that the same actual vapor pressure, but
a different temperature, exists at all points, the following
figures were obtained:

satur, actual
distance Temper. vapor vapor Relative moisture
em. C. pressure pressure humidity pF
0 26 25.209 22,738 90.2 5.h2 4.0
0.66 25 23.756 22,738 95.7 4.71 7.2
) I 3’ 24 22 Q3?? 221738 100.0’ - satur.,

It is surprising how rapidly the water tension and the
moisture content must change in order to haveesguilibrium in
the vapor phase as the temperature changes. In fig. 1 the
change in moisture is very repid, particularly at about 6.5
em, from the cold face. The small deviation from the pre-
dlotlion may be easlly explained on the basis of the fact
that actually at this point there is not equilibrium and
liquid flow will probably occur.

These facts, even though some points still require fur-
ther investigations, permit 2 better understanding of the prin-
ciples underlying the moisture transfer in the soil. The
particular conditions in which the experiment has been conducted
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maey aleso apply to the case of water flow from & buried warm
surface, 6.g., 2 heated cable, & hot-bed heater. Similarly,
At epplies for the case of condensation (e.g., ageinst water
pipes). If we negleot or modify the considerations concern-
ing the evaporation and condensation at the closed ends of
the soil column, & good pieture is obtalned for the molsture
displacement in a free soll mass.

The importance of the diurnal and seasonal teuwperature
varistions in the soil are expected to have the effect pre-
viously emphasized by meny writers.



SUMMARY AND CONCLUSIONS

The movement of moisture in closed soll columns has
been theoretically snalyzed in its details. Formulas and
equations are given and discussed. Predictions have been
made.

The experimental results give information concerning
the relative importance of the factors involved in moisture
transfer, and give confirmation to most of the predictions.

Some other points, such &8s the influence of changes in
the thermal gradient, the interaction between vapor flow and
heat flow and ites influence on the vapor diffusion coefficient,
and the actual moisture retention curve in these conditions
remain to be studied.

The following specific statements by way of summary and
conclusions may be made.

1. The moisture transfer in the soll under & tempera-
ture gradient primerily results from wvapor flow. This flow
is detectable by the air gap technique. The use of wire screens
reduces this flow, but does not impede it completely.

2, The vapor flow is essentially a diffusion process.
The convection movement could not be proved.

3. The influence of the variation in the saturation
vapor pressure, and its first and second derivatives has not
been proved., If it exists it is expeoted to be negligible.

4. The largest factor affecting the moisture distribution



78
in a closed soll system, seems to be the evaporation and con-
densation processes that occur at the warm and cold faces,
respectively. The regions involved in this process extend
far from the end of the ecolumm, and appear to contact at the
middle pélnt, smoothly passing from & positive to & negative
evaporation.

5. Vhen the s0il column is interrupted by em air gap
some evaporation and condensation occurs at the faces of the
air gap. These processes, however, seem to have very little
influence on the overall molsture movement.

6., The thickness of the air gap plays an important role
through its influences on the thermal gradient distribution.
Its influence on the vapor flow diminishes when the thickness
tends to zero.

7« The existence of distinet drying and wetting moisture
characteristic curves has been supported.,

- 8+ Some values for the moisture conductivity have been
computed, Thelr order of magnitude is reasonable.

9. The coefficlient for vapor diffusion has been found
much higher then expected. No simple explanation could be
found.

10, The dependence of the minimum value for the molsture
content at the dry end ss a function of the distance to the
wet front follows approximately the predictions,
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